Extensive amounts of natural quarry aggregates are currently being used in road and pavement applications. The use of construction and demolition (C&D) materials such as recycled concrete aggregate (RCA), crushed brick (CB) and reclaimed asphalt pavement (RAP) as an alternative to quarry aggregates has generated interest in recent years, particularly as a pavement base or subbase material. However, the resilient moduli responses and performance of these C&D materials reinforced with geogrids under repeated loads has yet to be established. This research investigates the resilient moduli (M R ) and permanent deformation characteristics of C&D materials reinforced with biaxial and triaxial geogrids with the use of a repeated load triaxial (RLT) equipment. The effects of varying deviatoric stress on the resilient modulus of unreinforced and geogrid-reinforced C&D materials were also investigated. Regression analyses of resilient modulus test results were performed using the two and three-parameter models. The M R properties of the geogrid-reinforced RCA and CB were found to be higher than that of the respective unreinforced material. The M R value of RCA+Biaxial increased by 24% and of RCA+Triaxial increased by 34% when compared with unreinforced RCA. The permanent deformation value obtained from RCA+Biaxial decreased by 29% and of RCA+Triaxial decreased by 36% when compared with unreinforced RCA. The M R value of CB+Biaxial increased by 16% and of CB+Triaxial increased by 55% when compared with unreinforced CB. The permanent deformation value decreased by 29% and 37% for CB+Biaxial and CB+Triaxial respectively when compared with unreinforced CB material. The incorporation of geogrids was found to have significant effects on the resilient modulus and permanent deformation characteristics of C&D materials. The three parameter resilient moduli model was found to provide a good fit for the geogrid-reinforced C&D materials.
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Several researchers have also evaluated the sustainable usage of other forms of waste materials which includes waste excavation rock (Arulrajah et al. 2012e) , quarry wastes (Liu et al. 1998; Goodhue et al. 2000; Huang et al. 2002; ; Chung and Lo 2003; Bianchini et al. 2005; Rao et al. 2007; Tam and Tam 2007) , recycled ballast (Indraratna et al. 2002 (Indraratna et al. , 2003 (Indraratna et al. , 2005 and wastewater biosolids (Arulrajah et al. 2011b (Arulrajah et al. , 2013a in pavement sub-base and road applications, which is an indication of increasing global interest in the sustainable usage of recycled waste materials in civil engineering applications.
The reinforcement of C&D aggregates with geogrids in civil engineering applications will further increase the usage of C&D aggregates in various applications as a result of the enhanced strength and resilient modulus properties. The interaction mechanisms between geogrids with soils or aggregates provides frictional resistance between the soil and the surface of the geogrids as well as internal shear resistance of the soil and passive resistance of the transverse ribs (Alfaro et al. 1995; Tatlisoz et al. 1998; Mengelt et atl. 2000; Liu et al. 2009a; Liu et al. 2009b ). Abu-Farsakh et al. (2007) , Chen et al. (2012) and Arulrajah et al (2013b) have undertaken resilient modulus and permanent deformation testing of recycled aggregates as well as geogrid-reinforced quarry aggregates using repeated the load triaxial (RLT) equipment. Chen et al. (2012) reported that the inclusion of geogrid reinforcement had significant effects on the resilient modulus and permanent deformation characteristics of crushed limestone pavement base materials, whereby M R was found to increase and permanent deformation decrease with the incorporation of geogrids.
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The main objective of this research is to evaluate the resilient moduli responses of C&D materials reinforced with geogrids under repeated loading when used in pavement base/subbase applications. Regression modelling and structural layer coefficient of geogridreinforced C&D materials were analyzed in this research. The C&D materials investigated were unreinforced as well as geogrid-reinforced RCA and CB materials.
Experimental Procedure
The C&D materials were collected from a recycling site in Melbourne, Australia. The maximum particle size of the C&D materials was 19 mm. The samples were first oven dried x 46mm. The geogrids were manufactured from polypropylene polymers. The physical properties tests such as modified compaction test, specific gravity, particle size distribution, water absorption, Los Angeles abrasion were undertaken on the C&D materials.
Modified compaction tests were conducted according to ASTM D1557-(2009) to determine the maximum dry density and optimum moisture content of the samples. As the maximum particle size was of 19 mm, a cylindrical mould having an internal diameter of 152.4 mm was used. The samples were compacted in five layers and each layer by 56 blows of 4.9 kg rammer falling freely from 450 mm in height.
The particle size distribution of C&D materials were conducted by sieve analysis according to ASTM D422-63 (2007) , which is similar to AS 1141.11 (SAA 1996) . The particle size distribution for C&D materials targeted lower and upper bound reference lines for aggregates in pavement subbase applications (Aatheesan et al. 2010; Arulrajah et al. 2011a; Arulrajah et al. 2012a) . Initially the samples were cleaned with distilled water by using sieve size of 75
μm. The retained sample was taken and dried for 24 hours before further sieve analysis tests.
CBR tests were carried out according to ASTM D1883 (2007) on specimens subjected to modified Proctor compaction effort at the optimum water content and soaked for 4 days to simulate the worst-case scenario. In the modified CBR tests, samples were placed in a cylindrical mould (internal diameter of 152 mm) and compacted in five layers totalling an effective height of 117 mm by inserting a spacer disc into the mould before compaction.
Modified compaction effort was used. The M R tests were undertaken by using RLT equipment to simulate the traffic wheel loading on base/subbase by applying cyclic loading on the specimens as per AASHTO T307 (2003) standard. In this method a haversine-shaped wave load pulse was applied with a loading M a n u s c r i p t
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7 period of 0.1 second and a resting period of 0.9 second. Unreinforced and geogrid-reinforced C&D materials were tested with the RLT equipment at the optimum moisture content. Each specimen was subjected to five different confining stresses and three different deviatoric stresses at each confining stress. Pneumatic pressure was used for the confining and deviator stress, which were computer controlled. Oven dried C&D samples were prepared in a split mould of 100 mm diameter and 200 mm of height. The geogrid-reinforced specimens were prepared with the geogrid placed in the middle of the specimen (at the specimen height of 100 mm). The samples were mixed with water to their optimum moisture content and kept for 24 hours in a closed container. The samples were next compacted to their maximum dry density with modified compaction effort. Two saturated porous disc were placed at the bottom and top of the sample. A rubber membrane was used over the sample and two O-rings were also placed to the pedestal and the top loading cap. M R tests were then undertaken on the sample. To evaluate permanent deformation of the unreinforced and geogrid-reinforced samples, separate specimens were prepared and tested.
Results and Discussion
The physical properties of C&D materials obtained from the laboratory tests are presented in Table 1 . As the RAP specimens failed during RLT testing after just a few load cycles, due to a lack of cohesion in this material, the RAP results are not discussed further. The particle-size distribution results for C&D materials undertaken before compaction with modified compaction effort, is shown in Fig. 1 . The particle size distribution curves for the C&D materials were consistent with the requirements of typical aggregates in civil engineering applications such as pavements and footpaths (Aatheesan et al. 2010; Arulrajah et al. 2011a ).
The gravel, sand and fine contents of the C&D materials obtained from sieve analysis are presented in The coefficient of uniformity (C u ) and coefficient of curvature (C c ) values indicates that the C&D materials satisfy the criteria typically specified of having C u > 4 and 1<C c < 3.
The specific gravity of coarse aggregates (retained on 4.75 mm sieve) is generally higher than that of fine aggregates (passing 4.75 mm sieve). The specific gravity of the C&D materials indicate that they can be considered as high quality aggregates. The water absorption of fine particle is greater than coarse particle as the fine particle absorb more water, except CB as compared to the corresponding CB materials for the various confining stresses, indicating RCA to be a higher quality material than CB. Reinforcement of RCA and CB with geogrids was found to result in improved stiffness properties. (1)
Where, M R = resilient modulus; θ = bulk stress = σ 1 + σ 2 +σ 3 = 3σ 3 + σ d ; σ 1 , σ 2 and σ 3 are the principle stress; σ d is the deviator stress and k 1 & k 2 are the theta model parameters.
A statistical regression program was used for the determination of model parameters (logk 1 and k 2 ). The results obtained from the statistical analysis are presented in Table 2 . 
Three-Parameter Model
The three-parameter model can analyze both confining and deviator stresses together (Puppala et al. 1997) . The resilient modulus test results were analyzed by using the following model.
Where, M R is the resilient modulus; k 3 , k 4 , k 5 are the three parameter model constants; σ atm is the atmospheric pressure; σ 3 is the confining stress and σ d is the deviator stress. The Matlab software was used to determine the three parameter constants in the model. The threeparameter model constants and coefficient values are presented in 
Structural Layer Coefficients
According to AASHTO (1993) , layer coefficients can be measured from the M R properties and used to estimate base or subbase layer thickness of flexible pavement. Hence in this research, layer coefficients were calculated from the average M R at three different deviator stresses for each confining stress. According to AASHTO (1993) flexible pavement design guidelines layer coefficients are determined for base and subbase layer by using the following empirical relationships:
Where, a 2 is the base layer coefficient; a 3 is the subbase layer coefficient and M R is the resilient modulus in psi. The structural layer coefficients for base and subbase layers are presented in Table 4 and Table 5 . The layer coefficients are an indicator of strength and depend on the structural efficiency of the materials. In a typical multi-layered pavement structure, the base material has higher resilient modulus than the subbase material. As such a 2 (base layer coefficient) value is usually higher than a 3 (subbase layer coefficient). In this research study, the a 2 and a 3 values were calculated using the same resilient modulus (i.e. the base and the subbase layers with the same recycled C&D aggregate). For this reason, the obtained a 2 values are less than a 3 .
This would indicate that should this same recycled C&D aggregate is used in both the base and subbase layers the base layer materials should also be reinforced with geogrids, based on the layer coefficient values
Permanent Deformation Characteristics
The RLT testing equipment was used to determine the permanent strain of unreinforced and geogrid-reinforced C&D materials. Three different deviatoric stresses (150kPa, 250kPa and 350kPa) and a constant confining stress (50kPa) were used for the permanent deformation tests according to Austroads (2004) over 30,000 loading cycles. The results of permanent strain for the unreinforced and geogrid-reinforced RCA and CB are presented in Fig. 8 and Fig. 9 , respectively while the final deformation values at 30,000 cycles of unreinforced and reinforced RCA and CB aggregates are presented in Table 6 . The results from Fig. 8 and Fig.   9 show that permanent strain increased with increasing deviator stresses for constant confining stress. After a certain number of load cycles the curve flattened to horizontal straight line at the lower deviator stresses with the exception of 350 kPa, where the sample failed prior to completion of the load cycle of 30000 for both RCA and CB. This is attributed 
Conclusions
The resilient moduli and permanent deformation characteristics of geogrid-reinforced C&D materials were determined to assess the viability of using geogrid reinforced C&D materials as alternative construction materials in pavement applications. RLT tests were undertaken on unreinforced C&D and geogrid-reinforced C&D materials with Biaxial and Triaxial geogrids.
The results of the RLT tests were compared between the unreinforced and geogrid-reinforced C&D materials. The RCA and CB materials were tested in the laboratory.
The incorporation of geogrids was found to have significant effects on the resilient modulus and permanent deformation characteristics of C&D materials. The M R properties of the geogrid-reinforced RCA and CB were found to be higher than that of the respective Tables   Table 1: Geotechnical properties of C&D materials   Table 2 : Two-parameter bulk stress coefficients Table 3 : Three-parameter resilient modulus coefficients Table 4 : Structural coefficient "a 2 " for base layer Table 5 : Structural coefficient "a 3 " for subbase layer 
